During the brazing process of the rocket engine's nozzle skirt assembly made from Fe-Ni based super alloy pipes with Pd based brazing filler, the erosion corrosion pits were sometimes engraved on those pipes' surface. The corrosion is considered to be assisted by the dynamic flow of the molten brazing filler. In order to estimate the amount of erosion corrosion and to prevent it, the solubility and the dissolution rate of Ni to the molten Ag-Cu-Pd brazing filler are measured experimentally. The Ni crucible poured with the Ag-Cu-Pd brazing filler was heated up to 1 320 K and quenched after the various keeping time. The microstructure of the solidified brazing filler part's cross sections was observed, and the amount of the dissolved Ni was estimated using the image processing technique. The solubility was about 5.53 mass% and the initial dissolution rate was 6.28 × 10 −3 mass%/s. Using these data, more elaborate dynamic flow simulation will be able to conduct.
Introduction
Recently, the erosion corrosion at the liquid-solid interface under the liquid's flow is much more concerned with. The erosion corrosion usually denotes the mechanical abrasion by the fluid's flow involving small particles assisted with the chemical corrosion (1) , (2) . The fluid without such the abrasive particles is, however, considered to cause the unexpectedly large erosion corrosion even in the combinations of the materials, which were conventionally considered not to corrode severely in the static state. During the development of the LE-7A rocket engine for the H-2A rocket of the NASDA (the present JAXA), the many erosion corrosion pits were engraved on the surface of the cooling pipes of the rocket nozzle skirt assembly (NSA) after the brazing process (3) . The NSA is the bell shape pipe work constructed from the 350 pipes of the super alloy, SUH660, or SS66286 (A286) plated with Ni. They are brazed each other side by side using the Pd-based brazing filler, BPd-6 (Ag-21 mass%Cu-25%Pd) and BPd-7 (Ag-5%Pd) with the organic binder. They have been conventionally considered not to corrode Fe-based and Ni-based super alloys (4) . The deepest pit reached approximately 0.3 mm of depth for the pipe wall thickness of 0.5 mm (Fig. 1) .
These local erosion corrosion pits are considered to be engraved by the Marangoni convection of the molten brazing filler (5) . The Marangoni convection is the flow driven by the non-uniform surface tension generated by the temperature distribution of the liquid surface (6) , (7) . By the radiation heating, the organic binder can be carbonized to the slag floating on the molten brazing filler, and it is Fig. 1 Erosion corrosion pit on the nozzle skirt pipe wall conjectured as the heat source to form the temperature distribution. It is pointed out the estimated flow velocity on the molten brazing filler's surface might reach up to several 10 mm/s under the brazing condition (5) . The precise quantitative estimation of the erosion corrosion pits' depth will be provided by the combination of the fluid dynamics simulation of the brazing filler's convection and the mass transportation through the solid-liquid interface. It requires the dissolution rate from the base metal to the liquid. The dissolution rate of a metal to the molten Pd alloys is, however, difficult to measure, and no data had been published for the combinations of the Pd-based brazing filler and the Ni, to the extent of author's knowledge. Therefore, in this research, considering the use of materials for the brazing process of the LE-7A's NSA, the Ni dissolution rate to the molten Ag-Cu-Pd brazing filler, BPd-6, at 1 323 K is measured.
A typical method to measure the dissolution rate is the dipping of the solid into the melt and measuring the lost weight (8) , (9) . But, for the combination of the molten Pdbase brazing filler and the Ni, the experiment must conduct in the vacuum or the inert gas atmosphere to avoid the oxidation at high temperature, and it is difficult to adopt such ordinary methods. In this research, the brazing filler was put in the Ni crucible and heated up to the temperature in the Ar gas atmosphere. Instead of weighing, the dissolved Ni amount is measured by the image processing technique for the microstructure of the solidified brazing filler containing the Ni. Conducting the dissolving experiment for various keeping time, the change in the dissolved Ni amount will provide the dissolution rate.
The obtained Ni dissolution rate to the Pd-based brazing filler can be directly used in the fluid dynamics simulation of the LE-7A's NSA erosion pit problem, which might estimate the dimensions of the erosion pits quantitatively. Adding to it, the obtained dissolution rate will be the fundamental data for the brazing process of the Fe-base and Ni-base super alloys with the Pd brazing fillers.
In the next chapter, the measurement procedures of Ni dissolution rate were explained. In chapter 3, the results of the observations of the microstructure of the solidified brazing filler and its composition analysis are shown. In chapter 4, the dissolution rate of nickel to the Pd-based brazing filler and its solubility are calculated. In the final chapter, the validity of these results is examined.
Measurement of Nickel Dissolution Rate

1 Experimental details
The crucible was made from the Ni round bar and a flat-bottom hole was opened in its axial center ( Fig. 2 (a) ). The brazing filler was φ2.0 mm rod of JIS BPd-6 (54.04 mass%-Ag-25.02%Pd-20.94%Cu). The chopped rod was inserted in the Ni crucible's hole.
This specimen was heated in the transverse tube furnace ( Fig. 2 (b) ). It was mounted on the stage of the plate supported by a stem pipes made by the INCO601. The stage was inserted from the side of the tube furnace, which penetrated the plug of the tube furnace but was not fixed to the plug in order to slide the furnace with keeping the atmosphere inside of the furnace. By sliding the heating section, the specimen could be cooled down quickly without vibrations. During the experiment, in order to avoid the oxidation of the specimen, the Ar gas was introduced inside of the furnace through the pipes of the specimen mount's stem. The pressure of the Ar gas was 0.3 MPa.
The specimens were heated up to 1 323.5 K in 180 s and kept at the temperature for 0 -3 600 s. After that, the heating section of the furnace was slid away from the specimen. It took about 180 s in average for the specimen's temperature to fall down to the melting point temperature of the BPd-6 brazing filler, 1 223.5 K.
2 Measurement of dissolved Ni
After the furnace heating, the vertical cross section of the specimen was polished and lapped to the mirror finished surface with alumina lapping powders. The microstructure of this cross section was observed with scanning electron microscope. The distribution of the phase containing Ni and their Ni concentration were measured using EDX.
First, the backscattered electron images (BEI) at the interface of the Ni crucible wall and the solidified BPd-6 brazing filler were observed. The central part of the solid-ified brazing filler in the cross section was also observed. The microstructure of the solidified brazing filler showed the microstructure segregated clearly into two phases. One of the phases was rich in Ni and comprised Ni, Cu and Pd. The other phase seemed the base phase comprising Ag, Cu and Pd (Fig. 3) . According to the observation of the BEI, the islands of Ni rich phase were homogeneously distributed in the cross section, the slight difference in the distribution was found near the interface and at the center of the solidified brazing filler.
The compositions of these phases were quantitatively analyzed using the EDS. The concentration of Ni in the Ni rich phase was varied with the heating time from about 5 to 20 mass%. The base phase's composition was steady with time but different from the BPd-6.
The BEIs were processed and the area fraction of Ni rich phase was measured, to estimate the volume fraction of the Ni rich phase in the unit volume. Taking advantage of the clear segregation of the Ni rich phase and the base phase in BEI, where the Ni rich phase was dark part and the base phase was bright, the gray-scaled BEI was converted into the monochrome binary image. The black pixels corresponding to the Ni rich phase were counted, and the area fraction of the phase to the entire image was calculated. When this area fraction is notated as x, then the volume fraction of Ni rich phase is approximately x 3/2 . Using this volume fraction, the mass fraction of the dissolved Ni in the unit volume of the brazing filler, m Ni could be yielded as
where ρ Ni−Cu−Pd and ρ Ag−Cu−Pd are the mass density of the Ni rich phase and the base phase, respectively. The s Ni is the mass fraction of Ni in the Ni rich phase.
To the change in the dissolved Ni with time, the approximated curves, m Ni (t), were fitted with least-squares method. The dissolution rate is its time differential. 
Distribution of Ni rich phase
The macroscopic image of the specimen is shown in Fig. 3 . Apparently, the solidified brazing filler readily wetted the inner wall of the nickel crucible. Figure 3 (a) shows the backscattered electron image (BEI) near the crucible's wall. Two phases were clearly segregated into the dark gray phase and the bright white phase. The gray phase contained Cu, Ni and Pd, and the white phase contained Ag, Cu and Pd. In the followings, the former is called the Ni rich phase and the latter is called base phase. Figure 3 (b) shows the BEI at the center of the solidified brazing filler. At the center of the specimen, the Ni rich phase and the base phase were also clearly segregated. Despite of the observing position on the cross section, the Ni rich phase seemed to be distributed uniformly. with time is shown in Fig. 5 . The area fraction increased until keeping time of 600 s, after that, it became almost constant.
1. 2 Area fraction of Ni rich phase distribution
1. 3 Compositions of two phases
The compositions of the base phase and the Ni rich phase measured by EDS varied with the keeping time (Fig. 6 ). In the Ni rich phase, the fraction of the dissolved Ni became larger until the keeping time of 1 200 s. Because the mass frac- though the area fraction of the Ni rich phase was constant beyond 600 s. In the base phase, the composition did not change with the keeping time significantly.
1. 4 Amount of dissolved Ni and dissolution rate
The fraction of dissolved Ni was calculated at the every keeping time from the results of EDS analysis and the area fraction (Fig. 7) . The dissolved Ni increased monotonously until keeping time of 1 800 s. Beyond the keeping time of 2 700 s, the dissolved Ni seemed to reach to the constant, which was about 6 mass%. The average of the dissolved Ni from 1 800 to 3 600 s was 5.53 mass%. According to this tendency, the Ni solubility to the BPd-6 brazing filler was estimated about 5.5 to 6.0 mass%.
To calculate the Ni dissolution rate, two kinds of the approximated curves were fitted to the dissolved Ni profile. First, the linear regression line was decided from the first three points from the keeping time of 0 s to 1 800 s (Fig. 7 (a) ). The line's formula was
The Ni dissolution rate is the slope of this line: 3.0 × 10 −3 mass%/s.
Next, the Ni solubility to the BPd-6 brazing filler was assumed 6.00%, the asymptotic exponential function was fitted (Fig. 7 (b) ).
The Ni dissolution rate at the keeping time 0 s was calculated as 6.28 × 10 −3 mass%/s.
Discussions
1 Microstructure of the solidified brazing filler
The present results showed that the solidified BPd-6 brazing filler contained Ni and that the brazing filler part was segregated into two phases: the Ni rich phase with Ni, Cu and Pd, and the base phase of Ag, Cu and Pd.
An expected process to form this microstructure might be the diffusion driven process. Alloy of Ni with Ag, Cu, Pd, Ag-Cu or Ag-Pd has higher solidus curve than 1 323.5 K (10), (11) . Then, the Ni might not form the melt with Ag-Cu-Pd, and just diffused into the Ag-Cu-Pd melts. If the Ni dissolved by only diffusion, it might exist uniformly in the solidified brazing filler. The microstructures of the present results showed the eutectic microstructure of the Ni containing phase and phase without Ni. Therefore, the diffusion of Ni might not dominate the dissolution of Ni into the BPd-6 brazing filler melt.
On the other hand, Cu-Ni-Pd phase might be deposited in the Ag-Cu-Ni-Pd melt. In this case, the dissolution is dominated by the phase transformation at the Ni and the brazing filler interface. The ternary phase diagram Cu-Ni-Pd alloy shows the temperature of the liquidus surface is so high that the Ni-Cu-Pd liquid exists only above 1 423 K (9) , (11) . The Ni-Cu-Pd might be deposited first from the Ag-Cu-Ni-Pd melt. Adding to it, the ternary diagram of the Ag-Cu-Ni alloy indicates that the smaller the contents of Ni, the lower the liquidus temperature is. It might support the existence of Ag-Cu-Ni-Pd melt at 1 323.5 K. By the deposition of Cu-Ni-Pd phase, the concentration of Ni would decrease and the phase with the rest constituents could stay in liquid phase. The effect of Pd is expected to lower the liquidus of Ag-Cu-Ni-Pd. Thus the solidified BPd-6 containing Ni might be segregated into two phase. The further discussions would require the quarternary phase diagram of Ag-Cu-Ni-Pd alloy.
2 Ni solubility and dissolution rate
The amount of the dissolved Ni to the brazing filler increased from the keeping time of 0 s to 600 s. and after it, it became almost constant. The constant value might be the solubility of Ni to the brazing filler. The present results suggests it is about 5.53 mass% {3.40 at%}. To the extent of author's knowledge, the quarternary phase diagram of Ag-Cu-Ni-Pd alloy has not been published. The validity of this solubility value should be inferred from 3 ternary phase diagrams of Ag-Cu-Ni, Ag-Ni-Pd and CuNi-Pd. The ternary phase diagrams of Ag-Ni-Pd and CuNi-Pd shows the liquid phase does not exists at 1 320 K. On the case of Ag-Cu-Ni alloy, when the ratio Ag : Cu = 54 : 21, Ni can be dissolved up to about 9.4 mass% {8.1 at%}. The present Ni solubility to the BPd-6 brazing filler was similar with the value of the Ni solubility to Ag-Cu alloy.
As discussed in the last section, the Ni dissolution was considered to be dominated by the phase transformation. So, based on the Avrami's equation for the phase transform, the asymptotic exponential function is suitable to denote the variation of the dissolved Ni with time (12) . The Ni dissolution rate to the molten brazing filler was calculated by the differential with time of the Ni dissolution at t = 0 s. It was 6.28 × 10 −3 mass%/s.
Previously, the depth of the corroded substrate for 60 s (5) was estimated by multiplying the volume flown over the substrate for 60 s and the solubility of Ni to the brazing filler. The flown volume was 32.0 mm 3 /mm 2 at maximum at 1 323.5 K {1 050 C}. The solubility Ni to the Ag-Cu alloy, 9.4 mass%, substituted for the solubility of Ni to the brazing filler. The depth was 0.10 mm. If the dissolution rate of the present research is used, the depth becomes 6.8 × 10 −5 mm/s at the onset of erosion, and approximately 4.0 × 10 −3 mm after 60 s. This value is so smaller than the actual maximum depth of the erosion pits, 0.3 mm. If the fraction of dissolved Ni at t = 60 s calculated by Eq. (4), i.e. 2.04 mass%, the depth will be 0.02 mm. These are the blunt approximation and the more precise estimation would require the numerical simulation involving the both the dynamic flow and the dissolution. If the combination of material to braze cannot change, the guiding principle to prevention of this erosion corrosion might be the suppression of the local flow. In this case, the local flow is supposed to be driven by the Marangoni effect, the heat source on the melt surface should be removed. The simplest way might be changing the organic binder.
Conclusion
The amount of the dissolve Ni to the molten BPd-6 at 1 323.5 K with time was measured by applying the image processing technique of the microstructure image of the solidified brazing filler. The following conclusions are derived:
( 1 ) The Ni-dissolved Ag-Cu-Pd brazing filler is solidified and separated into the Cu-Ni-Pd phase and the base phase of Ag-Cu-Pd.
( 2 ) The amount of the dissolved Ni increases with the keeping time at the 1 323.5 K, and asymptotically reaches to a constant value, about 5.53 mass%.
( 3 ) The dissolution rate of Ni to the molten BPd-6 brazing filler at the onset of the dissolution is estimated as 6.28 × 10 −3 mass%/s.
